Abstract-Choosing between beamforming and spatial diversity in downlink multiple-input single-output (MISO) systems involves a tradeoff between optimization of time-average gain (favoring beamforming) and robustness to microscopic fading (favoring diversity). Typically, the former is preferred in narrow angle spread scenarios, whereas the latter is preferred for wide angle spread scenarios. We propose a novel open-loop hybrid approach in which two beamformers are constructed from linear combinations of the eigenvectors of the uplink spatial covariance matrix, and are switched at a fixed rate equal to one-half the frame rate to achieve diversity. In a simulation of a wideband CDMA system, we show that this approach delivers improvement nearly equal to the theoretical optimal array gain even for very large angle spread, and even though the duplex frequency separation is large (10%) and uncompensated. Further, the beamformer construction mitigates the problem of spurious bad beam selection, and requires no knowledge of the array manifold.
INTRODUCTION
The desirability of multiple-input single-output (MISO) array processing for the downlink (base station to mobile) in modern mobile radio communications systems is well known. The central problem in implementation is the limited ability to obtain channel estimates, since the mobile is typically limited to one antenna and feedback is constrained both by protocol limitations and uplink bandwidth. The alternatives are (1) strictly open loop processing, which can provide only diversity gain; or (2) attempt to extrapolate downlink channel estimates from uplink channel estimates. In frequency-division duplex (FDD) systems, the latter approach is typically thwarted by decorrelation because duplex separation is usually larger than the coherence bandwidth. However, it has been observed that a limited form of extrapolation is possible in which only the frequency-invariant features of the channel are tracked; in particular, those associated with propagation path geometry [1] . This is tantamount to beamforming, which nominally provides a gain equal to the array factor. Unfortunately, traditional beamforming entails a loss of diversity, is degraded with increasing angle spread at the base station, and is subject to the problem of spurious bad beam selection. Beamforming and diversity can be combined in various ways; for example, one can simultaneously operate two beamforming arrays separated by a sufficient distance to achieve spatial diversity [2] .
However, this results in a somewhat larger, more complicated array. Other approaches to this problem involve some form of feedback, e.g. [3] , or protocol modifications to user equipment [4] , [5] .
In this paper, we propose a simple MISO downlink processing scheme using a single compact array, in which transmit diversity is achieved by switching periodically between two beamformers. Section II explains the conditions necessary to achieve both array gain and diversity simultaneously and the approach taken by the proposed technique. In Section III, the technique is demonstrated and compared to a more traditional beamforming technique and an element-switching (diversity) technique. Conclusions are presented in Section IV.
Notation: E[] is used to denote the expected value.
Lowercase boldface letters denote vectors and uppercase boldface letters denote matrices. a H is the conjugate transpose of a.
II. THEORY
The proposed technique utilizes a single antenna array, but switches between two beamformers to simultaneously provide array gain and diversity gain. For digital protocols, it is proposed to switch between the beamformers twice per interleaver period (frame). As in other time-switched diversity techniques (e.g., [6] ), any reasonable combination of interleaving and channel coding will recover a significantly larger fraction of user data during a null fading event than would be possible using a single beamformer. Thus, the likelihood of a long-duration null-fading event wiping out an entire frame is greatly reduced.
To describe the technique, consider the received signal at the mobile given by
where s(t) represents the user waveform, w is a N x 1 vector of array coefficients used to transmit s(t), h D (t) is an N x 1 vector describing the downlink channel, N is the number of antennas in the array, and n(t) is noise (assumed to be uncorrelated to s(t)). The signal-only component of z(t) is given by
Assume the base station transmits to the mobile while switching between beamformers w 1 and w 2 . The time average power in the signal y 1 (t) delivered to the mobile using w 1 is given by
Unfortunately, the base station cannot directly measure h D (t) in an FDD system without feedback and we therefore cannot optimize w 1 for the instantaneous channel. The base station will have a noise limited estimate of the N x 1 uplink channel vector h U (t), but the fast fading observed on the up-and downlink will be uncorrelated due to FDD and thus h U (t) would be a poor estimate of h D (t). As suggested in [1] , however, the eigenstructure of
is very similar to that of
when H U and H D are averaged over a time period much larger than the channel coherence time τ c to effectively suppress the contributions of fast fading (specifically, the aspect of fading that varies over time scales on the order of τ c ). Therefore, the base station can estimate H D from the uplink channel estimates. It will be assumed that the base station has perfect knowledge of H D for convenience in this section, but the simulation results presented later account for the error of estimating H D from the noise limited estimate of H U and show the degradation to be insignificant compared to the gains offered by the technique.
Since H D is non-negative definite and by the Spectral Theorem [7] , H D can be written as
where U = [u 1 u 2 … u n ] is a matrix whose columns are orthonormal eigenvectors and Λ is the diagonal matrix of eigenvalues, with eigenvalues arranged in descending order such that
In the proposed algorithm, w 1 = u 1 is selected corresponding to maximum array gain.
We now wish to find a second beamformer w 2 that allows us to achieve some amount of diversity relative to w 1 while simultaneously providing some array gain. The time average power in the signal y 2 (t) delivered to the mobile using w 2 is given by
Selecting w 2 = u 1 would again maximize the array gain, but this solution obviously provides no diversity. The amount of diversity achieved is quantified by the correlation ρ between y 1 (t) and y 2 (t) and is given by
which can be shown to equal to and it becomes apparent that we can force ρ = 0 by picking w 2 orthogonal to u 1 and therefore lying in the subspace of [u 2 … u n ]. Interestingly, we can force ρ = 0 by selecting w 2 in this subspace even if all elements of the antenna array are partially correlated. Selecting w 2 = u 2 provides the maximum array gain within this subspace and it is therefore unnecessary to consider using eigenvectors associated with the higher order eigenvalues. In the special case where d 1 = d 2 , selecting w 1 = u 1 and w 2 = u 2 provides maximum array gain while simultaneously achieving maximum diversity (ρ = 0). This will not be the case in general, however, and it must be assumed that d 2 < d 1 and we must make some tradeoff between array gain and diversity gain. In the proposed algorithm, w 2 is chosen to be
where c is a real-valued parameter in the range [0,1] with c = 0 representing maximum diversity and c = 1 representing maximum array gain.
In a study involving simulations of a 5 MHz bandwidth cdma2000 system [8] , we found that the following rule yields consistently good performance over a wide variety of propagation scenarios:
and
, otherwise.
In this rule, d 2 /d 1 corresponds to the power ratio of using u 2 as a beamformer relative to using u 1 as a beamformer. d 2 /d 1 also provides a rough estimate of the angle spread, since the ratio approaches zero for zero angle spread and increases with increasing angle spread. As expected, w 2 tends towards u 2 as d 2 /d 1 increases. The dependence on E b /N 0 arises from the finding that above a certain level, improvement in diversity gain (reducing fade depth) is more effective in reducing bit error rate (BER) than additional improvement in the mean signal-to-noise ratio (SNR); whereas, this situation is reversed at low SNR.
III. SIMULATIONS
To demonstrate the performance of the proposed algorithm, consider the following simulation of a cdma2000 system in a flat fading environment. The downlink user bit stream is 14.4 kb/s using a rate-1/4 convolutional coder, constraint length 9, and 8 x 144 interleaving. The resulting frame is 20 ms long. This is QPSK-modulated using a 3.6864 Mchip/s spreading code. At the receiver, the signal is coherently demodulated assuming perfect channel estimation and Viterbi decoding. The uplink frequency is 1900 MHz and the downlink frequency is 2090 MHz. The base station uses a uniform linear array consisting of 8 antennas with isotropic patterns. The element spacing is one-half wavelength at the uplink frequency.
The channel model assumes that the signal propagates from five paths each with a discrete angle relative to the base station and each with uncorrelated Rayleigh fading. The time average power associated with each path δ l and the angle of each path relative to array broadside φ l is shown in Table 1 where l corresponds to the path number, θ is the angle to the center of the multipath cluster from array broadside, and σ is the angle spread between the two outer most paths. It is assumed that the geometry of the channel is the same for the uplink and downlink and thus δ l and φ l also remain the same between the two. Because of FDD, however, the instantaneous fading envelopes are assumed to be uncorrelated between the up-and downlink. This model results in a diverse eigenvalue spread as σ varies from 0° to 100°, as shown in Fig. 1 . This in turn results in a wide range of inter-element correlations ranging from nearly-perfect correlation (corresponding to plane wave incidence, and favoring beamforming) to poorly-correlated (corresponding to wide angle spread and favoring diversity). Thus, the model can be used to exercise the proposed algorithm in a wide range of channel conditions. Slow mobile velocities are known to be particularly problematic for cdma2000. Consider Fig. 2 showing how the BER increases as the mobile speed decreases for a singleantenna transmit, abbreviated "1T". This relationship between mobile speed and BER exists because the forward error correction (FEC) is able to correct for periods of data loss only when intermixed with adequate periods of valid data. As the mobile velocity decreases corresponding to longer channel coherence times, a null fading event will have a greater likelihood of causing an extended period of data loss within a frame and therefore a greater probability of wiping out an entire frame. It is in this scenario where the system is most vulnerable and hence the scenario where the proposed technique could offer the most benefits. We therefore show results for a scenario with a relatively low mobile velocity of 0.5 m/s. In the following plots, the proposed method will be referred to as HY (for "hybrid"). For comparison, HY will be compared to (1) 1T; (2) rank-1 eigenbeamforming using w 1 = w 2 = u 1 , abbreviated "EB1", and (3) a simple technique in which transmission is switched between the outer two elements of the array at the same rate as HY, abbreviated "2SSD". In both HY and EB1, we use the post-correlation uplink spatial covariance matrix R as the estimate of H D . R is a convenient quantity to work with because it can be estimated directly from P samples of the uplink array output x(t) according to
In the simulation, a single-frame spatial covariance matrix R k is estimated by taking P samples of the current (k th ) frame, and then the actual estimate used by EB1 and HY is obtained from a weighted average of the same result from previous frames. Specifically,
Computing R in this manner with an appropriate selection of β suppresses short term fast fading while simultaneously tracking the longer term coarse changes in the mobile's position. In this study, β = 0.1. For all techniques simulated, the total radiated power remains constant to ensure a fair comparison; i.e, w 1 H w 1 = w 2 H w 2 = 1. . Alternatively, EB1 provides gains close to the array factor (9 dB) for all E b /N 0 . HY also provides gains close to the array factor for low E b /N 0 , but provides over 10.5 dB of gain for BER ≤ 10 -3 by reaping the benefits of both diversity and beamforming. Fig. 4 shows the result for σ = 60° and θ = 0. In this case, ρ is about 0.6 for adjacent elements and oscillates with peak values less than 0.5. As expected, EB1 performance is degraded and in fact significantly worse than 2SSD for BER ≤ 10 The technique offers gains of 7 to 10 dB for BER ≤ 10 -3 over the entire range of angle spreads. This is in stark contrast to EB1 whose gain drops to only 3 dB with σ = 100° and 2SSD which offers no gain at σ = 0. Figure 6 . θ = 50°. HY BER for angle spreads of 0° ("o"), 10° ("x"), 60°
("+"), and 100° (" "). 1T BER ("--").
been no attempt to correct for differences between H D and R resulting from the 10% duplex separation when computing the beamformers. From this, we conclude that accounting for this frequency difference would provide relatively little benefit, which is consistent with the findings of others [9] . Additional examples of performance can be found in [8] .
IV. CONCLUSIONS This paper described a novel method for using an antenna array to improve the performance of the downlink in cellular mobile telecommunications systems channels that are limited by flat fading. In this method, one switches between two beamformers at a rate of twice per frame. The beamformers are selected so as to improve signal power delivered to the mobile to the extent possible, while maintaining low correlation between the channels associated with the two beamformers as perceived by the mobile. Thus, switching between the beamformers provides diversity. By switching at twice the frame rate, the likelihood of a severe null lasting longer than one-half of a frame is greatly reduced, leading (in digital protocols) to improved performance from coding and interleaving. Using a DS-CDMA system example, it was shown that the technique offers gains close to the array factor over a wide range of channel conditions, whereas a beamforming-only scheme and a 2-element switching diversity scheme approach this only for certain (and different) types of channels. The method can be applied to many existing protocols without modification; in the case of DS-CDMA receivers using rake receivers, it can be applied on a finger-byfinger basis. Also, it was shown that the proposed subspace beamformer continues to perform well even in the presence of a 10% difference in the carrier frequency between uplink and downlink (typical for third-generation FDD systems). Since the beamformer is insensitive to the array geometry and the FDD duplex frequency separation, good performance can be obtained without calibration of the antenna array.
